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Abstract 
Candida lbicans blastospores harvested from 8 h (exponential) or 48 h (stationary) cultures were incubated with increasing doses of 
amphotericin B (AmB). The time course of H + influx and K ÷ efflux was monitored by in vivo 31p NMR and K ÷ atomic absorption 
respectively. AmB was shown to be more active on exponential phase cells than on stationary phase cells. For both growth phases, K + 
leakage ocurred before pH acidification. In light of these results, together with iodoacetate experiments, it seems difficult to assert hat 
K ÷ leakage is a secondary effect resulting from an increase in the permeability oprotons, as formerly proposed. In addition, no H + over 
K ÷ selectivity of pores formed by AmB could be detected. Finally, some unexpected results were afforded by 31p NMR experiments: a 
broadening of Pi signals was detected on exponential phase cell spectra when the blastospores were incubated with 10 -3 and 10 -4 M 
AmB reflecting a transient heterogeneity of the intracellular pH within the cell population. For stationary phase blastospores, two 
subpopulations (IIa and lib) were detected; population IIb, with a more acidic pH i, was much more sensitive to AmB action. 
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1. Introduction 
The polyene macrolide antibiotic amphotericin B (AmB) 
remains the drug of choice in the treatment of severe 
mycosis. Its mode of action on fungal cells has recently 
been described in several reviews [1-5]. On model mem- 
branes, AmB was shown to form pores which, by one-sided 
addition, modify membrane permeability to monovalent 
cations (K ÷, H ÷) and also, in ergosterol-containing mem- 
branes, to Ca 2÷ [6]. 
In one of the first studies on the mode of action of 
polyene macrolides on yeasts, it was shown that loss of 
intracellular K ÷ was accompanied by uptake of protons. 
The resulting acidification of the cell interior was consid- 
ered responsible for the fungicidal effect [7]. More recently 
it was proposed that the primary event produced by AmB 
Abbreviations: Hepes, N-(2-hydroxyethylaiperazine)-N'-(2-ethane- 
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on Saccharomyces cerevisiae was to increase the proton 
permeability of the plasma membrane, the loss of potas- 
sium being a consequence of the uncoupling effect of the 
antibiotic at the level of the membrane [8]. 
On Candida lbicans, candicidin, an aromatic polyene 
antibiotic, has also been shown to induce extracellular 
alkalization, the major part of the proton movement occur- 
ring after the efflux of potassium was completed [9,10]. 
Similarly, N-succinyl perimycin induced H + translocation 
in S. cerevisiae [11]. However, the magnitude and direc- 
tion of the movements were strongly dependent on the 
incubation conditions. 
Recently, we measured the intracellular pH of Candida 
albicans in the yeast form by two different methods: laser 
microspectrofluorimetry and 31p nuclear magnetic reso- 
nance spectroscopy [12], the last method proved more 
convenient for kinetics studies. We decided to apply this 
technique to the measurement of the effect of AmB on the 
intracellular pH of Candida albicans, since to date the 
effect of candicidin only had been studied and the intra- 
cellular pH had been studied on a cell sap [10]. The 
modifications of internal K + concentrations were mea- 
sured by atomic absorption in parallel to the 31p NMR 
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studies to have both H + and K ÷ movements under the 
same experimental conditions: previous measurements of 
K ÷ leakage had been performed with much lower cell 
concentrations and could not be extrapolated directly. As it 
was previously shown that the age of the culture affected 
the rate of K ÷ leakage [9], AmB was tested on C. albicans 
in the yeast form harvested from both exponential and 
stationary growth phases. 
2. Materials and methods 
2.1. Culture conditions and cell preparation 
Candida albicans, strain 444, was a gift from Prof. E. 
Drouhet (Pasteur Institute). This strain was maintained on 
agar slants at 4 ° C. The cells were grown at 27°C in 
Sabouraud medium (DIFCO) in a 1 litre bioreactor seeded 
with flask subculture (2%). Under these conditions pure 
yeast forms were obtained as checked by optical mi- 
croscopy. 
Cells were harvested from 8 h cultures in exponential 
phase or from 48 h cultures in late stationary phase by 
centrifugation at4000 × g at 0 ° C. Cell pellets were resus- 
pended and washed three times in buffer (137 mM NaC1, 
2.7 mM KC1, 4.5 mM KH2PO 4, 3 mM Na2HPO 4, 20 mM 
MES, 20 mM Hepes, phi ajusted to 5.5). The final cell 
concentration was about 5 .  10 9 ceUs/ml (20 mg 
protein/ml); this cell suspension was kept on ice until use. 
We used a previously described method to measure the 
protein concentration [13]. 
2.2. 31p NMR spectroscopy 
Experiments were performed on a Bruker MSL 300 
spectrometer at 21 ° C, 3tp NMR spectra were accumulated 
at 121.49 MHz in 5 min. blocks (45 ° pulse: 7.5 /zs, 1 K 
data points, 1 s repetition time, 300 scans). 2 ml of the cell 
suspension was transferred to 10 nun diameter tubes and 
100 /xl of D20 added for shimming and locking the field. 
31p chemical shifts were referenced to external 85% phos- 
phoric acid. 
The intracellular and e'~tracellular pH of Candida albi- 
cans in the yeast form were determined from the chemical 
shift of the internal and external inorganic phosphate 31p 
resonances respectively. For this purpose calibration curves 
of internal and external pit were established by titrating Pi 
using cell-free extracts and resuspension buffer respec- 
tively [ 12]. The cell-free extracts were prepared as follows: 
5 ml of yeast suspension (5. 10 9 cells/ml) was cen- 
trifuged at 4000 × g, the pellet was extracted by perchloric 
acid (10%). The sample was then freeze-thawed three 
times in liquid nitrogen-water bath (37 ° C). After centrif- 
ugation at 12000 × g for 2 min, the supernatant was 
collected and neutralized with K2CO 3 (2 M). The sample 
was centrifuged again (2 min, 12000 × g); the supernatant 
supplemented with 10% D20 was ready for 31p NMR 
experiments. 
2.3. K + atomic absorption 
K ÷ content of C. albicans cells was determined by 
atomic absorption as follows: 3 ml of C. albicans in the 
yeast form (5 • 10 9 cells/ml) was incubated at 21 ° C in the 
presence or absence of AmB, three aliquots of 100 /xl 
were collected every 5 min. Cells were separated by rapid 
centrifuging. The pellet was washed twice with a few 
drops of water which were quickly aspirated. It was then 
digested with formic acid (400 /zl) for 48 h at 37 ° C. 
Samples were then diluted 200-fold in 1000 ppm Cs ÷ 
buffer and assayed by atomic absorption with a Perkin- 
Elmer 420 spectrometer (kK. = 766.5 nm). As the internal 
volume of the cells was unknown, K + content was ex- 
pressed in micromol of K ÷ per mg of proteins. 
2.4. Amphotericin B 
AmB was a gift of J. Bolard and was dissolved in 
DMSO. Fresh solutions were prepared aily. For all con- 
centrations, the final volume of DMSO was always ad- 
justed to 20 /xl in 2 ml of cell suspension; under these 
conditions DMSO was shown to have no activity on pH or 
K ÷ gradients, nor on glucose metabolism (as checked by 
~3C NMR, data not shown). 
3. Results 
3.1. Exponential phase Candida albicans in the yeast form 
The modifications of K ÷ and H ÷ permeability were 
measured on C. albicans cells harvested from 8 h expo- 
nential phase (5.109 cells/ml) incubated with increasing 
concentrations of AmB (10 -6 M, 10 -5 M, 10 -4 M, 10 -3 
M). 
Release of potassium 
The time course of K + release induced by AmB is 
reported in Fig. 1A. In the absence, or with the lower 
concentration (10 -6 M) of AmB, the cells maintained a
steady intracellular K ÷ content (1.60 /zmol K+/mg pro- 
tein). In the presence of 10 -5 M AmB, the rate of K ÷ 
leakage was extremely slow during the first 30 min; it then 
increased with time as a result of cell deregulation. The 
initial rate of K + efflux increased with the AmB doses 
(10 -4 M and 10 -3 M). 
Under our experimental conditions (5.109 cells/ml) 
the active doses were high: from 10 -5 M (threshold) to 
10- 3 M (plateau). However, if the ratios R = 
[AmB]/[cells] are considered, our results (R = 0.2 10 -12 
tO 0.2 10 -14 mol/cell) are in the same range as those 
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Fig. 1. K + kinetics of C. albicans in the yeast form were followed by atomic absorption with AmB 10 -6 M (O), 10 -5 M (×) ,  10 -4 M (O), 10 -3 M 
(• )  or without AmB (+)  for 60 min. (A) Cells harvested from 8 h exponential phase; (B) cells harvested from 48 h stationary phase. 
described by Lambert [14] (0.7 10-13) ,  Hammond [9] 
(0.75 10 -12) and Sokol-Anderson [15] (0.25 10-14) .  
Except for the dose 10 -5 M, the K ÷ efflux started 
immediately as observed by Lambert [14] and Hammond 
[9]. On the contrary, Gale [16] described a lag period when 
amphotericin methyl ester (AmE) was used instead of 
AmB. This lag period was AmE dose-dependent; thus 
these two derivatives behaved ifferently. 
Modifications of H + permeability 
The doses of AmB tested were those determined previ- 
ously from K ÷ effluxes (10 -5 M, 10 -4  M,  10 -3  M) .  The 
time dependences of the internal and the external pH are 
presented in Fig. 2. These values were determined from 
the chemical shifts of the internal (II) and the external (III) 
Pi resonances on 31p NMR spectra (see Fig. 3, t = 0). The 
assignments of the different signals were previously de- 
scribed; comparison with laser microspectrofluorimetry 
demonstrated that the internal pH was indeed cytoplasmic 
[11]. 31p NMR spectra were collected every 5 min for 50 
or 70 min. In the absence of AmB (Fig. 2A), the fungal 
cells maintained a steady pH gradient (ApH = 0.75). As 
previously observed [12], a slight acidification occurred 
from pH 6.65 to 6.55, due to a metabolic hange induced 
by transferring the cells from 0°C to 21 ° C. 
When the cells were incubated with 10 -3  M AmB at 
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Fig. 2. Time course of the internal ( + ) and external (©) pH of C. albicans blastospores harvested from 8 h exponential phase measured by 3 a p NMR. (A) 
without AmB, (B) with 10 -3 M AraB, (C) with 10 -4 M AmB, (D) with 10 -5 M AmB. The hatched areas reflect the broadening of Pi signals in 3tp 
NMR spectra corresponding to heterogeneous intracellular pH values in the cell population. For instance, the two pH values given in Fig. 2C at 25 min 
correspond to the chemical shifts of the internal Pi resonances pointed out with arrows on at p NMR spectra presented in Fig. 3. 
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pH 5.5 (Fig. 2B), the cytoplasmic pH was first maintained 
for 5 min, the cell could then no longer regulate this pH, 
which fell to pH 5.8 after 20 min; in parallel, the external 
pH became more basic (pH 6.1), and consequently the pH 
gradient was inverted (ApH = -0.3). With 10 -4  M AmB 
(Fig. 2C), inversion of the pH gradient was also observed 
but it occurred later (after 30 min). In addition, the cyto- 
plasmic pH was not modified until 15 min; after this time 
lag the signal of the intracellular Pi was broadened (Fig. 3). 
The hatched area on Fig. 2C corresponds toextreme values 
measured on the spectra indicated with arrows. This broad- 
ening reflects the heterogeneity of the cytoplasmic pH; the 
fungal population did not respond evenly to AmB action, 
some cells regulating their internal pH better than others. 
After 35 min, the internal pH was stabilised to pH 5.8. For 
lower dose of AmB (10 -5 M) (Fig. 2D), the overall rate 
was diminished, the time lag lasted for 45 min, and the 
broadening corresponding to a heterogenous cell popula- 
tion was observed. Under these conditions, no pH inver- 
sion was detected even after 70 min. This might occur 
much later. 
In conclusion these experiments show that: (1) the rates 
of H ÷ influx were dose-dependent as observed for K ÷ 
effluxes; (2) a time lag occurs; it was extended when the 
AmB doses were lowered. This contrasts with K ÷ leakage, 
which was instantaneous with 10 -4  M and 10 -3  M AmB. 
This result suggests that C. albicans in the yeast form 
regulates its pH gradient much better than its K + gradient; 
(3) for the lower doses a surprising phenomenon was 
detected, i.e., a transient heterogeneity of the cytoplasmic 
pH within the cell population. 
Experiments in the presence of iodoacetate 
Our previous comments on the regulation of ionic gra- 
dients by C. albicans cells implied that the observed ionic 
movements result from both the passive fluxes induced by 
AraB and the active transport systems of the fungi. How- 
ever, C. albicans cells were resuspended in a buffer de- 
pleted of all carbon sources and importantly, all sets of 
experiments lasted 12 h. It was thus necessary to check the 
energy state of these cells. Iodoacetate, a well known 
inhibitor of glyceraldehyde-3-phosphate deshydrogenase 
(GAPDH), was used for this purpose. This inhibitor re- 
duces the formation of ATP during the glycolysis and 
consequently inhibits the activity of the fungal pumps. The 
variations of the intemal K + concentration were measured 
by atomic absorption when the cells were incubated with 
increasing doses of iodoacetate (10 mM, 30 mM, 50 mM), 
a significant K + effiux was observed for the higher dose 
(data not shown). 
When the cells were incubated with 50 mM iodoacetate, 
the intemal pH of C. albicans in the yeast form decreased 
very quickly, indicating that the cells were unable to 
maintain their pH gradient (Fig. 4). When AmB (10  -4  M)  
was added together with iodoacetate (50 mM) to the cell 
suspension, no time lag was observed (compared with the 
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Fig. 4. Time course of the internal pH of C. albicans blastospores 
harvested from 8 h cultures, measured by 3i p NMR as described in Fig. 
3. Reference sample (0 ) ,  cells incubated with 50 mM iodoacetate (©), 
with 10 -4 M AmB (A), with 50 mM iodoacetate and 10 -4 M AmB 
(+). 
incubation with AmB 10 -4 M alone, Figs. 4 and 2C). The 
kinetics of H ÷ translocation was similar, under these 
conditions, to that observed for K + when the cells were 
incubated with AmB 10 -4  M (Fig. IA). Consequently it
can be argued that the time lag occurring for H + influx 
really corresponds to a cell regulation, while K + efflux is 
a primary process. The addition of AmB and iodoacetate 
resulted in a lower pH after 30 min than the addition of 
AmB alone or iodoacetate alone, indicating a cumulative 
effect. 
In conclusion, these experiments clearly show that the 
ionic movements observed were modulated by the cell 
energetics. Even after a long period, C. albicans cells were 
still energized in the absence of carbon source. This result 
is consistent with previous observations of Prasad [17] who 
showed that C. albicans cells could maintain a constant 
pH gradient and membrane potential for 24 h when stored 
in water. This energization can be explained by the pres- 
ence of large stores of glycogen and trehalose in the cells 
[18]. 
3.2. Stationary phase Candida albicans in the yeast form 
The second set of experiments were performed on C. 
albicans blastospores harvested from 48 h stationary phase. 
Modifications of K + content 
The time courses of K + leakage induced by increasing 
doses of AmB are presented in Fig. lB. The analysis of 
these curves shows that the leakage of K ÷ induced by 
AmB was less for stationary phase cells than for exponen- 
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Fig. 5. (A) 31p spectra of stationary phase C. albicans blastospores incubated with 10 -4 M AmB in buffer adjusted to pH = 5.5 were collected every 5 
min for 75 min at 121.5 MHz, 21 ° C. Only spectra t time 0, 5, 15, 30, 45, 60 and 75 min are presented. IIa and IIb correspond to the intracellular Pi of two 
cell populations, 1II correspond to the external Pi. (B) Time dependence of the internal pH corresponding to signals Ila (+)  and I/b (©) and of the external 
pH corresponding to signal III (• )  in Fig. 5A. 
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Fig. 6. (A) 31p spectra of stationary phase C. albicans blastospores incubated with 10 -3 M AmB in buffer adjusted to pH = 5.5 were collected every 5 
min for 75 min at 121.5 MHz, 21 ° C. Only spectra t time O, 5, 15, 30, 45, 60 and 75 min are presented, lIa and lib correspond to the intracellular Pi of two 
cell populations, III correspond to the external Pi. (B) Time dependence of the internal pH corresponding to signals IIa ( + ) and IIb (O)  and of the external 
pH corresponding to signal III (• )  in Fig. 6A. 
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tial phase cells (see Fig. 1A): the rates of K ÷ efflux were 
slowed down in agreement with the observations of Ham- 
mond [9] and Gale [16]; in addition, the time lag hardly 
observed for the dose 10 -5 M in Fig. 1A was detected for 
all the AmB concentrations (Fig. 1B). The duration of this 
time lag was dose-dependent, it was estimated at 5 min for 
10 -3 M and 10 -4 M AmB and more than 60 min for 10 -5 
M AmB. Hammond [9] also showed the lengthening of the 
time lag when AmB was incubated with stationary phase 
cells; Gale [16] made the same observations using AmE. 
Finally, under our experimental conditions the total 
amount of K ÷ lost in the presence of 10 -3 M AraB was 
less for the stationary phase cells (AK + = -0 .4 /xmol /mg 
protein) than for the exponential phase cells (AK += - 1.3 
/xmol/mg protein); this may be related to the initial K ÷ 
concentration of the stationary phase organisms (0.6 
/xmol/mg protein) compared with that of exponential 
phase cells (1.60 /xmol/rng protein). This last point con- 
flicts with the observations of Hammond [9] who reported 
slightly higher K ÷ concentrations for the stationary phase 
cells (0.4 ~mol /mg protein) compared with exponential 
phase cells (0.36 /zmol/mg protein) and consequently a 
slightly higher leakage of K + for stationary phase microor- 
ganisms. 
Modifications of  pH gradients 
The interpretation f the modifications of pH gradients 
induced by AmB on C. albicans cells harvested from 48 h 
stationary phase was complicated by the distribution of the 
internal pH in two pools. The assignments of these two 
pools of intracellular Pi resonances (IIa and lib) (Figs. 5A 
and 6A, t = 0) are fully ,discussed in a companion paper 
[12]. The pH measurement performed on individual cells 
by laser microspectrofluorimetry in parallel to 31p NMR 
spectroscopy demonstrated the presence of two distinct 
cell populations with main pH values centered on pH 6.50 
(IIa) and 5.72 (IIb). No vacuolar pH could be detected in 
contrast o the results of Cassone [19] but in agreement 
with Stewart [20] who both used 31p NMR to measure 
intracellular pH of stationary phase C. albicans in the 
yeast form. 31p NMR spectra of C. albicans cells incu- 
bated with 10 -5 M, 10 -4 M and 10 -3 M AmB or without 
AmB were collected every 5 min for 75 min. As previ- 
ously described, in the absence of AmB, the population lib 
commuted to population IIa leading, after 60 min, to a 
resulting population with a more homogeneous pH and 
centered on pH 6.25. In the presence of 10 -5 M AmB no 
change was observed compared with the reference sample 
(data not shown). In the presence of 10 -4 M (Fig. 5A) two 
main features were observed: (1) the signal of pool IIb 
slowly shifted toward that of pool IIa; (2) in parallel, the 
two signals broadened with time, especially signal IIb. 
Schwencke [21] showed that nystatin, a polyene antibiotic, 
was not efficient on isolated yeast vacuoles; thus it is 
likely that AmB would affect cytoplasmic pH gradient 
preferentially to vacuola~ pH gradient. Our results are 
more consistent with the presence of a less actively 
metabolising cellular population rather than the behaviour 
of a vacuolar compartment, confirming our previous as- 
signments for signals IIa and IIb. This broadening was not 
observed when C. albicans cells were incubated without 
AmB [12] or with 10 -5 M AmB. The external pH (signal 
III) remained constant hroughout the experiment, mainly 
as a consequence of a well-buffered external medium. The 
cytoplasmic pH corresponding to signal IIa slowly de- 
creased from pH 6.60 to pH 6.27 (Fig. 5B); this was quite 
similar to what was observed in the absence of AmB. The 
pH corresponding to signal lib evolved differently from 
the reference sample: the shift to more basic pH values 
began earlier but was more gradual. After 75 min, the 
cytoplasmic pH of the two cell populations equalized at 
~. 6.27, i.e., the same pH as that of the reference sample 
[12]. 10 -4 M AmB delayed the recovery of a 'normal 
metabolic state' by population lib but it can be concluded 
that for this dose C. albicans cells could maintain a fairly 
steady pH gradient. This resulted from an active process as 
shown when the cells were incubated with 50 mM iodoac- 
etate: under these conditions the pH gradients collapsed 
rapidly (data not shown). 
The dose 10 -3 M induced more marked modifications 
of the pH gradients (Fig. 6). As shown in Fig. 6A, signals 
IIa and lib broadened very quickly, indicating a very 
heterogeneous pH distribution within the cell population. 
Under these conditions the pH corresponding to signal IIa 
decreased with time down to pH 5.91, while the external 
pH (signal III) was constant for 30 min and then increased 
to pH = 5.94 (Fig. 6B). Surprisingly, the pH corresponding 
to signal IIb changed little; decreasing slightly during the 
last 20 min from pH 6.03 to pH 5.91. After 75 min, the pH 
gradients collapsed. Some inversion might occur later on. 
As observed previously for exponential phase cells, C. 
albicans harvested from 48 h stationary growth phase 
regulated their pH gradients much better than their K + 
gradients: for instance, 10 -4 M AmB slightly modified the 
pH gradients (especially for population IIa) (Fig. 5A), on 
the contrary, it induced a large K ÷ efflux from the cells 
(Fig. 1B). 
As already noticed for K + release, AmB induced larger 
H + influx in exponential phase cells than in stationary 
phase cells: the dose of 10 -5 M had no effect on station- 
ary phase cells, while it started to modify pH gradients of 
exponential phase cells. The dose 10 -4 M was only 
effective on population IIb, while it affected the whole 
population harvested from exponential growth phase. Fi- 
nally with 10 -3 M AmB, the equalization of the external 
and internal pH occurred after 75 min in stationary phase 
C. albicans but after 15 min in exponential ones. 
This reduction of AmB activity on stationary phase 
blastospores can be related to the change in the cell wall 
composition (polysaccharides and phosphomannans) de- 
scribed by Odds [22]. The energization state of the cells 
was also very different depending on their growth phase as 
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shown by the intensity of the initial pH and K + gradients 
and also the presence of two subpopulations in stationary 
phase cells; this may modulate the response to AmB. 
ture of these two populations, namely that population IIb is 
in an 'abnormal' metabolic state compared with population 
IIa. 
4. Conclusion 
In this work we have described the H ÷ permeability 
induced by AmB on its cell target C. albicans blastospores 
harvested from exponential or stationary growth phase. 31p 
NMR spectroscopy was a convenient echnique for this 
purpose, allowing data collection every 5 min. In parallel, 
internal K ÷ decrease was measured by atomic absorption 
to obtain information about H ÷ and K + gradients under 
the same experimental conditions. The main conclusions of 
this work are the following: 
(1) The H ÷ over K ÷ selectivity of the pores formed by 
AmB through C. albicans plasma membrane is weak: in 
the presence of iodoacetate, the kinetics of the two cation 
fluxes are comparable. This is at variance with what was 
observed with mammalian cells where AmB was reported 
to have a low ability to increase proton permeability [23]. 
(2) C. albicans in the yeast form regulated its pH 
gradient better than its K ÷ gradient; this was true for 
exponential nd stationary phase cells. These cation move- 
ments were induced by AmB but also by intrinsic transport 
systems of the cells as clearly shown by iodoacetate 
experiments. H ÷ ATPases seemed efficient o reject invad- 
ing H ÷ resulting from pores formed by AmB. In the light 
of our results it seems therefore difficult to assert hat K ÷ 
leakage is a secondary effect resulting from an increase in 
the permeability to protons as proposed by Kerridge and 
Whelan [24]. 
(3) AmB was more effective on exponential phase cells 
than on stationary phase cells. This had been previously 
shown by some authors concerning K ÷ movements. This 
study showed the same phenomenon for H ÷ permeability. 
(4) The broadening of intracellular Pi signals in the 
presence of AmB was correlated to pH heterogeneity 
among the cells. Some cells responded more rapidly to 
AmB action than others. This unexpected phenomenon 
may reflect either a heterogeneous metabolic state of the 
cells (they were not grown synchronously) or an uneven 
distribution of AmB among the different cells (some cells 
may incorporate a larger number of molecules). 
(5) In stationary phase cells, two cell populations could 
be detected (IIa and lib). Interestingly, they did not react 
in the same way in the presence of AmB. Population lib 
was more markedly affected by AmB than population IIa. 
This was especially clear in the presence of 10 -4 M AmB. 
This result supports our interpretation concerning the na- 
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